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Abstract 

This paper presents a comprehensive review of mitigation approaches, with a specific focus on geometric modifications, to 
mitigate shaft voltage and bearing current in electric drives. While existing literature extensively covers inverter-based and 
coupling path-based methods, the potential of geometric modifications has been relatively underexplored. The geometric 
modification approach offers a cost-effective and weight-saving solution that can be incorporated during the early design 
phase of the machine. The review begins by outlining various mitigation techniques applied at the victim machine, including 
bearing insulation, ceramic ball bearings, shaft grounding, and more. Subsequently, it delves into the machine geometric 
modification approach, examining methods related to winding design, stator and rotor iron geometry, rotor surface insulation, 
and stator slot wedge modifications. The paper highlights the practical relevance of geometric modifications, emphasizing their 
advantages over conventional methods. The review paper aims to shed new light on the potential of geometric modifications in 
mitigating shaft voltage and bearing current in electric drives. By providing valuable insights into this approach, researchers 
and engineers can develop robust and efficient electric drive systems, advancing the field of electrical machine design and 


operation. 
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1 Introduction 


Electric drive systems play a vital role in modern indus- 
trial applications, offering numerous advantages such as high 
efficiency, precise control, and improved performance. How- 
ever, the rapid switching characteristics of power electronic 
switches in Adjustable Speed Drives (ASDs) can lead to the 
generation of High-Frequency (HF) Common Mode (CM) 
Electromagnetic interferences (EMI). This CM-EMI, in turn, 
gives rise to undesired shaft voltage and non-circulating 
bearing current within the electric drive system [1-3]. The 
presence of shaft voltage and bearing current poses a sig- 
nificant challenge to the reliable and efficient operation of 
electric machines, potentially leading to premature machine 
failure and increased maintenance costs [4-8]. Of course, the 
causes of bearing failures can be environmental, mechan- 
ical, or electrical reasons [9]. Nowadays, mechanical and 
thermal problems can be avoided through careful design, 
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regular maintenance, and condition monitoring [10]. There- 
fore, except for large machines, this cannot be seriously 
considered. However, the influence of shaft voltage and non- 
circulating bearing currents due to CM voltage is still an 
active research topic. Moreover, in spite of the fact that the 
trend of increasing the switching frequency of power elec- 
tronic switches increases the efficiency and quality of the 
current wave shape, it worsens the electromagnetic compat- 
ibility (EMC) problems. 

Over the years, various mitigation techniques have been 
proposed to address the issue of shaft voltage and bearing cur- 
rent. Existing literature predominantly covers inverter-based 
and coupling path-based methods that aim to suppress CM- 
EMI at its source [1 1—18]. Of course, there are some studies 
examined the effectiveness of two or more hybrid suppres- 
sion methods in suppression of shaft voltage and bearing 
current reductions, such as CM choke with shaft ground- 
ing method [19], CM choke with sine filter [20], and others 
[21-23]. However, one aspect that has garnered less attention 
in previous review papers is the potential of modifying the 
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geometric design of electric machines as a means of mitigat- 
ing parasitic capacitance and alleviating the adverse effects 
of shaft voltage and bearing current. 

This comprehensive review paper aims to bridge this 
gap by focusing on the machine geometric modification 
approach. In contrast to conventional methods, which may 
involve additional components or materials, the geometric 
modification approach offers a cost-effective and weight- 
saving solution that can be implemented during the early 
design phase of the machine. By considering the winding 
design, stator and rotor iron geometry, rotor surface insula- 
tion, and stator slot wedge, it becomes possible to reduce 
parasitic capacitance and effectively mitigate shaft voltage 
and bearing current. 

The main objective of this paper is to present an in-depth 
analysis of existing and recent geometric modification tech- 
niques, with an emphasis on their advantages and practical 
relevance. By exploring the novel aspects of this approach, 
the paper seeks to provide researchers and application engi- 
neers with valuable insights for developing robust and 
resilient drive systems. 

In summary, this research paper stands out as a new review 
paper due to its specific focus on the machine geometric 
modification approach. It offers a comprehensive analysis of 
this technique, providing valuable insights for researchers 
and engineers. However, the paper could benefit from more 
comparative analysis with other methods and may not cover 
other mitigation techniques as extensively as previous review 
papers. Despite these limitations, the paper contributes to 
the existing body of knowledge and highlights the potential 
of geometric modifications in mitigating shaft voltage and 
bearing current challenges. 

The organization of this paper is follows: Sect. 2 discusses 
the theoretical analysis of shaft voltage and bearing current 
in ASD. Section 3, provides an overview of existing mit- 
igation techniques applied at the victim machine, such as 
bearing insulation, ceramic ball bearings, shaft grounding, 
and others. In Sect. 4, the spotlight shifts to the machine geo- 
metric modification approach, detailing various methods for 
winding design, stator and rotor iron geometry, rotor surface 
insulation, and stator slot wedge modification. Furthermore, 
a comparative analysis of the advantages and disadvantages 
of each mitigation approaches is presented in Sect. 5. 


2 Theoretical analysis of shaft voltage 
and bearing current 


The fast-switching characteristics of power electronic 
switches induce a HF-CM voltage in an inverter-fed drive 
system. All drive systems inherently have electrostatic stray 
capacitance between the drive components (windings) and 
the earth ground (frame) of the machine, which is used as 
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Fig. 1 Typical a schematic diagram; b HF equivalent circuit of parasitic 
capacitance present in electric machine 


a medium of propagation of CM-EMI. This may result in 
undesirable shaft voltage and bearing current. The magnitude 
of parasitic capacitance mainly depends on the geometry of 
the machine and the material type. Additionally, since the 
permittivity (€) of the insulation materials depends on sup- 
ply frequency, voltage, and temperature, the magnitude of 
the parasitic capacitance also depends on frequency, volt- 
age, and temperature. Figure 1 shows the schematic diagram 
and equivalent circuit of parasitic capacitance present in an 
electric machine. 

C ws, denotes the stray capacitance between the stator 
winding-to-motor housing, C wr is the stator winding-to- 
rotor parasitic capacitance, C sr, is the stator core-to-rotor 
parasitic capacitance, C p, pg and C p, npg are drive-end, and 
non-drive-end bearing capacitances [24]. As can be seen from 
Fig. 1b, the common-mode voltage is found to be the original 
source of the shaft voltage. 
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However, few studies have reported shaft voltage results 
from sources other than the CM voltage [25]. When the accu- 
mulated shaft voltage exceeds the dielectric breakdown of the 
bearing grease, a flashover current of hundred milliamperes 
to several amps flows through the bearing and motor frame. 
This current is called bearing current. The bearing current is 
always a small share of the total CM current. In general, a 
shaft-voltage (also called “bearing voltage’) of more than 3- 
V peak may cause lubricant breakdown and bearing current. 
However, according to the IEC-34-17 standard, the maxi- 
mum allowable shaft voltage in an electric drive is 500 mV 
for normal operation [26]. Equations (1)-(5) show the ana- 
lytical expression of CM voltage (V cm), CM current (I cm), 
shaft voltage (V sn), and bearing current (Z ») in the three- 
phase ASD, respectively [27-29]. 


VatVotVe 


V_cm = 7 (1) 
dV dV y 
ITom=CL -~ +C M af + Í others, (2) 
V sh = V cM x BVR, (3) 
C. 
BVR = aul , (4) 
C_wr + C_sr + C_b,DE + C_b.NDE 
dV sh 
Tp=c ——, 5 
b Sh (5) 


where, V a, V p, and V c, are three-phase inverter output 
voltages; C and C y are the equivalent stray capacitance 
of the cable and the motor, respectively; C_sh denotes equiva- 
lent stray capacitance between the shaft and the ground, BVR 
denotes bearing voltage ratio, and J other denotes CM current 
from sources other than the inverter output voltage and neu- 
tral voltage. As can be seen from the analytical expressions 
in (2), the CM current depends on the equivalent parasitic 
capacitance present in the cable and motor, the inverter out- 


put voltage rise (X2) and the neutral voltage rise (aa ). 


dt 
While the shaft voltage (3) and non-circulating bearing cur- 
rents (5) are influenced by C wr, C sr, C b,DE, C_b,NDE, 


a¥ sh), It should be mentioned that 


the influence of aH is only taken into account for three- 
phase four-wire drive systems. The analytical equations of 
each parasitic capacitance are given in (6)—(11) [30]. 


and shaft voltage rise ( 
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where S denotes the number of stator slots, N_» denotes 
the number of balls in the bearing, ¢ , denotes the permit- 
tivity of the air, ¢ ;, denotes the relative permittivity of the 
insulation, £ ;p denotes the relative permittivity of the lubri- 
cant, W_» denotes the coil height that lay on the stator, W; 
denotes the width of the stator teeth, W_;, denotes the width 
of the insulation paper, W_g denotes the width of the slot 
opening, L sx denotes the stack length of the stator, R w, 
R_,, and R _, are respectively the inner radius of the wind- 
ing, the outer radius of the rotor, and the inner radius of the 
stator, L_e denotes the thickness of the end winding from the 
stator, h denotes the height of the coil, r_, denotes the radius 
of the ball of bearing, and r_e denotes the radius of clearance 
with the ball. 

Among the parasitic capacitance, only C_w,, Csr, C b, DE, 
and C p, ype can affect the shaft voltage. Though C ws is 
relatively the largest parasitic capacitance compared to other 
types, it has no effect on shaft voltage. However, it is the main 
coupling path of HF ground current [31]. Of the four para- 
sitic capacitance that impact V sn, the values of C_p, pg, and 
C b, NDE, are too small and C_,,, depends on parameters that 
affect the torque characteristics of the machine like air-gap 
length, rotor diameter, and core stack length; therefore, C_wr 
is the most essential parameter that can be adjusted with- 
out affecting the magnetic performance of the machine [32]. 
C_wr can be divided into stator winding-to-rotor capacitance 
(C swr) and end-winding-to-rotor capacitance (C ewr). 

From the analytical formulas shown in (6) and (7), the 
magnitudes of C wr can be affected by the geometrical 
dimension of the machine and dielectric properties of the 
insulating materials. Therefore, through modifying the geo- 
metric shape and insulation material of electric machines, 
shaft voltage and bearing current can be influenced without 
affecting the torque characteristics of the drive system. 


3 Mitigation of shaft-voltage and bearing 
current 


Several mitigation techniques have been proposed over the 
years to suppress the shaft voltage and bearing current prob- 
lems at the victim machine. These mitigation techniques may 
fall under any of the following techniques: Insulated bear- 
ings, Hybrid (Ceramic ball) bearings, Conductive grease, 
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Shaft grounding, Electrostatic shielding, Winding design 
modification, and Stator and rotor geometry modification 
methods. 

The target of bearing insulation and the ceramic ball bear- 
ing approach is to block (break) the current flow through 
the bearings [33], while the goal of Conductive grease and 
Shaft grounding methods are to shunt and safely discharge 
the shaft voltage and bearing current. The objectives of 
Electrostatic shielding and Motor geometric modification 
methods are eliminating the parasitic capacitance, preventing 
the shaft voltage, and bearing current. Details and dis- 
cussions of each mitigation technique are presented here 
below. 


3.1 Insulated bearing method 


The objective of insulating or coating bearings is to enhance 
their electrical resistance, effectively interrupting the cur- 
rent path. This can be achieved by insulating either the 
bearing race (outer surface) or the journal (inner surface) 
of the bearing [34]. Typically, the outer surface of the 
bearing is coated with pure aluminum oxide (Al203), fol- 
lowed by a resin coating to safeguard it against moisture. 
The necessary thickness of the insulating layer required to 
protect the machine bearings is specified in [35]. Studies 
suggest that coating the outer surface of bearings can lead 
to a reduction in bearing current by approximately 40-60% 
[19, 36]. Nevertheless, insulating the inner ring (shaft side) 
of the bearing proves to be more effective than coating 
the outer ring (frame/ground side) [37]. In fact, insulating 
the inner ring of the bearing has been shown to achieve 
around a 70% reduction in shaft voltage, as reported in 
[38]. 

Furthermore, research in [39] has examined the impact of 
insulating a single bearing versus insulating both bearings. 
It has been observed that insulating just one bearing reduces 
or eliminates internal circulating bearing current, while insu- 
lating both bearings reduces or eliminates both the internal 
circulating bearing current and the CM current generated by 
high g gradients. Moreover, apart from coating the inner 
and outer surfaces of the bearing, insulating the motor shaft 
can also reduce the accumulation of shaft voltage by up to 
70%. 

However, the main drawback of the insulated bearing 
method is that the blocked bearing current accumulates on 
the shaft and finds an alternate path to the ground elsewhere 
[40]. This insulated bearing method is more suitable for 
larger motors to disrupt circulating electrical currents [36]. 
Consequently, many bearing manufacturers offer electrically 
isolated bearings primarily in larger sizes. Nonetheless, for 
smaller motors, the ceramic ball-bearing method is recom- 
mended as a mitigation technique. 
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Fig.2 Typical commercial ceramic bearings 


3.2 Hybrid (ceramic ball) bearings 


In insulated or “coated” bearings, either the inner or outer 
ring is coated with a ceramic material, whereas in ceramic 
bearings, the rolling elements (balls) are entirely made of 
ceramic materials. The inner and outer races of ceramic 
bearings, however, remain constructed with conventional 
steel materials. Common ceramic materials used for building 
ball bearings include Al203, silicon nitride (Si3N4), zir- 
conium oxide (ZrO2), and silicon carbide (SiC). Bearings 
featuring ceramic rolling elements are often referred to as 
hybrid bearings [41]. In addition to improved bearing current 
suppression, ceramic ball bearings offer several advantages 
over standard steel bearings. These benefits include reduced 
weight, increased hardness, smoother surfaces, improved 
resistance to corrosion and heat, and the elimination of the 
need for lubrication [42]. 

In comparison to insulated bearings, hybrid bearings 
ensure a complete interruption of both circulating and non- 
circulating bearing currents flowing through the bearing. 
However, it is worth noting that hybrid bearings are more 
expensive than ordinary steel bearings, and similar to the case 
of insulated bearings, the accumulated shaft voltage can still 
find an alternative destructive path to the ground. Figure 2 
shows a photograph of some commercially available ceramic 
bearings. 


3.3 Conductive grease 


Another approach for mitigating the adverse effects of 
shaft voltage and bearing current involves the utilization 
of conductive grease. Unlike insulated and hybrid bearings, 
conductive grease offers a path of lower impedance, allow- 
ing multiple discharge channels to form through the bearing 
lubricant, thereby preventing excessive voltage buildup on 
the rotor shaft [40, 43]. As a result, the occurrence of arcs and 
sparks is reduced when using conductive grease compared 
to regular non-conductive grease [33, 44]. Consequently, the 
service life of bearings in an electric motor can be extended 
by implementing electrically conductive grease [45]. How- 
ever, it is worth noting that when incorporating transition 
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metal powders (such as gold, silver, and copper) into the 
grease to enhance electrical conductivity, there is a potential 
risk of causing pitting or bearing damage [46—48]. 

Laboratory test data presented in [47] from a four-ball 
wear tester reveals that the mechanical surface damage in the 
form of wear scars increases by approximately 60% when 
the conductive agent is added to the grease. This suggests 
that achieving a homogeneous distribution of conductor par- 
ticles with a thickness matching that of the lubricating film 
can be challenging [49]. Although numerous new materials 
are still in the experimental stage, with the goal of attaining 
optimal physical and chemical properties while maintaining 
cost-effectiveness [50], the electrical resistivity of conven- 
tional conductive grease typically falls within the range of 
102—105 Q cm, while the resistivity of non-conductive sili- 
cone oil with a thickener grease ranges from 107-108 Q cm 
[33, 51]. 

In general, the use of conductive grease is regarded as a 
temporary solution. Despite being inexpensive and easy to 
implement, it suffers from poor durability due to the separa- 
tion of the conductive additive [52]. Additionally, a portion 
of the energy is dissipated within the grease [6]. 


3.4 Motor shaft grounding method 


Another solution to address the issue is the shaft-grounding 
method, which involves using one or more closely spaced 
carbon, phosphor bronze, silver, copper brushes, or copper 
braids that make contact with the motor shaft and the frame. 
By doing so, the shaft voltage is rapidly discharged to the 
ground, effectively diverting currents that would otherwise 
flow through the bearings [20, 53, 54]. 

All carbon brushes in this method are equipped with 
a spring that exerts pressure on the carbon block against 
the motor shaft [55]. However, due to this pressure, the 
brush gradually wears out over time, necessitating frequent 
maintenance and adjustments [20, 48]. Nonetheless, the 
shaft-grounding method proves to be highly effective in elim- 
inating both EDM currents and high-frequency circulating 
currents [50]. It can be implemented in three ways: ground- 
ing brush, grommet, and ring. 

Modern implementations often replace the brush wire 
material in the shaft grounding ring with micro-diameter con- 
ductive fibers [34]. These micro-fibers completely surround 
the motor shaft, ensuring full contact with the shaft and min- 
imizing the impact of motor shaft eccentricity or vibration 
[34]. 

Compared to conventional carbon brushes, microfiber 
rings exhibit negligible frictional wear, require no mainte- 
nance, and are highly resilient to contamination [56]. Figure 3 
displays a photograph of a typical smart current diverter ring 
(CDR) (left) and a motor shaft grounded with CDR. 


Fig.3 A typical commercial shaft ground ring (left) and a motor shaft 
grounded using commercial shaft ring (right) 


While the shaft-grounding method provides a low 
impedance path for circulating current, it does not entirely 
eliminate bearing currents due to the low impedance between 
the balls and bearing race. Nevertheless, it remains a cost- 
effective solution. 


3.5 Electrostatic shielding 


One of the most prevalent techniques developed to mitigate 
capacitive coupling between the stator-end winding and the 
rotor surface is known as grounded electrostatic (Faraday) 
shielding [32, 39, 57]. This shielding is typically constructed 
using copper or aluminum foil positioned in close proximity 
to the stator’s inner surface or winding overhang. To pre- 
vent voltage breakdown (short-circuiting) while grounding 
the conductive foil, an additional insulating dielectric layer 
is applied between the stator and the Faraday shield [40, 58]. 

Notably, a study [59] has demonstrated that employing 
full electromagnetic shielding within the entire inner bore 
of the stator, such as using shielding strips, can result in a 
reduction of C wr and the shaft voltage by up to 84.6%. 

Moreover, research in [60] indicates that as C wr con- 
tributes approximately 30% of C wr, even partial shielding 
at the end-windings of the electric machine alone can lead to 
a reduction in C wr and the bearing voltage ratio (BVR). 
Notably, extending slot-embedded grounded electrodes to 
also cover the end-windings has been found to enhance the 
mitigating effect on shaft voltage [61]. 

Additionally, the insertion of a grounded electrode into 
the slot opening or the slot key causes the original C wr to 
split into two capacitances in series: the winding-to-electrode 
(C_we) and the rotor-to-electrode (C_¢,), resulting in an over- 
all reduction of C wr [62]. Another method for achieving 
reduced C wr involves applying a grounded electromagnetic 
shielding slot wedge (ESLW) [63]. However, it is impor- 
tant to note that the practical implementation of electrostatic 
shielding can be challenging and expensive. 
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3.6 Rotating capacitor method 


The rotating capacitor approach is a method similar to the 
shaft grounding technique, with the key difference being 
the use of mechanical non-contact (brush-less) capacitive 
coupling instead of grounding brushes. In this approach, a 
rotating capacitor is electrically arranged in parallel with the 
bearing to create a low-impedance pathway between the sta- 
tor frame and rotor at HF [64, 65]. Unlike brushes, the rotary 
capacitor assembly achieves current/voltage shunting with- 
out direct contact, relying on capacitive coupling between 
the rotor and stator frame, thereby eliminating the lifetime 
issues associated with brushes [64, 65]. 

Moreover, the implementation of the rotating capacitor 
technique does not require any modification or replace- 
ment of the existing bearing structure. Research presented 
in [65] demonstrates that incorporating brush-less capaci- 
tive coupling in a 3-HP asynchronous machine results in 
approximately an 8 to 33-fold reduction in bearing current 
and up to a 9.5-fold reduction in shaft voltage, surpassing 
the performance of traditional carbon and microfiber ring 
brushes. However, compared to other mitigation techniques, 
there have been limited studies conducted on the rotating 
capacitor method. 

Table 1 provides a summary of various mitigation tech- 
niques in terms of their impact on parasitic capacitance, shaft 
voltage, and bearing current reduction. 


4 Machine geometric design approach 


Modifying the geometric design of electric drives to reduce 
parasitic capacitance has emerged as a recent and highly 
effective approach for mitigating shaft voltage and bearing 
current. Unlike other techniques discussed in the preced- 
ing section, the key advantage of the geometric modification 
approach lies in its ability to achieve reduction without neces- 
sitating additional materials that could lead to increased size, 
weight, and cost. Numerous authors have demonstrated the 
efficacy of these geometric modification methods without the 
need for filters or extra components [3]. 

Geometric modifications can be implemented through var- 
ious means, including adjustments to the winding design, 
alterations to the machine’s stator and rotor geometry, insu- 
lation of the rotor surface, and modifications to the stator 
slot wedge. The following section delves into some of the 
proposed modifications related to these aspects. 


4.1 Winding design modifications 
Modifying the winding design stands out as one of the most 


potent geometric techniques employed to eliminate para- 
sitic capacitive couplings between the motor winding and 
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the rotor. This can be accomplished by elevating the stator 
coils away from the rotor, reducing the size of the stator-end 
winding, altering the machine winding’s topology, and other 
strategies. 

Additionally, the length of the end-winding and axial edge 
of the electrical machine significantly influences the parasitic 
capacitance, making the minimization of the end-winding 
length an effective means to reduce C wr. Research in [68] 
demonstrates that a combination of raising the stator winding 
and shortening the end-winding contributes to a reduction in 
shaft voltage. 

Moreover, in [69], it was reported that incorporating addi- 
tional auxiliary windings leads to a decrease in shaft voltage. 
However, both the elevation of the stator winding and the use 
of extra windings are dependent on the available space within 
the slot (slot fill factor). As a result, these approaches, such 
as hanging over the stator winding and employing auxiliary 
windings, are most effective for low-fill factor machines. 

Furthermore, a comprehensive transformation of the stator 
winding design, transitioning from a conventional slot dis- 
tributed winding (CSDW) to a fractional-slot concentrated 
winding (FSCW), combined with appropriate selection of the 
pole number to slot ratio, can result in reduced stray capaci- 
tance and shaft voltage [70, 71]. A summary of the winding 
design modification techniques in terms of their impact on 
C wr, BVR, and shaft voltage reduction is provided in Table 
2. 


4.2 Stator and rotor iron geometry design 
approaches 


Changing the geometrical structure of the stator and rotor iron 
presents another approach to reducing parasitic capacitance. 
Various design strategies have been proposed in the literature, 
including modifying the slot opening shape and altering the 
arrangement of permanent magnets. 

Research indicates that the magnitude of C wr is signif- 
icantly influenced by factors such as the size of the slot 
openings, the height of the slot tooth, and the gap between the 
slot tooth and the winding [72]. As the size of the slot open- 
ing decreases, the amount of C wr also decreases [73]. The 
relationship between slot opening width and C_,,, is further 
explored in [74]. Notably, a study conducted in [3] demon- 
strated that by transforming the conventional slot opening 
shape to an oblique shape, a remarkable reduction of about 
98% in C wr was achieved without compromising the mag- 
netic performance of the machine. 

Furthermore, the impact of magnet and rotor shape on 
C_wr Was investigated in [30]. It was found that by chang- 
ing the magnet shape of an interior permanent magnet 
synchronous motor (IPMSM) from a tangential shape to ’ V’- 
shaped magnet poles, a shaft voltage reduction of 39% could 
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Table 1 Shaft voltage and bearing current and C _wr reduction by using different mitigation approaches 


Mitigation methods Obtained result Remark 
C_wr reduction [%] Bearing current reduction [%] Shaft voltage reduction [%] 
Coating the inner ring of the bearings NA NA 70% [38] 
Insulating the bearings and motor NA NA 70% [38] 
shaft 
Using Ceramic bearing NA ~ 100% 0% [5] 
Using conductive grease NA NA 50% [33] 
Using both a shaft-grounding brush NA ~ 100% 84% [20] 
and a CM choke 
Using electromagnetic shielding 84.6% NA 98.9% [59, 66] 
Implementation of rotating capacitor NA 97% 89.5% [65] 
method 
Table 2 Summary of winding design modification proposed in the literature in terms of C_wr, BVR and shaft voltage reduction 
Proposed mitigation methods Obtained result Remark 
Cwr reduction [%] Shaft voltage reduction [%] BVR reduction [%] 
Lifting the stator winding of a 90 kW PMSM 50% NA 31.4% [67] 
1 mm far away from the rotor surface 
Lifting the stator winding of 15 kW IM NA NA 50% [62] 
1.2 mm far away from the rotor surface 
Lifting the stator winding of 400 W IPMSM NA 43.69% NA [32] 
8.5 mm far away from the rotor surface 
Lifting the stator winding of 400 W IPMSM NA 21.08% 28.18% [68] 
2 mm far away from the rotor surface and 
shortening the end-winding by 1 mm 
Changing winding topology of a 60 kW 55.26% NA NA [70] 
PMSM from CSDW to FSCW 
Using an additional short-circuited auxiliary NA Up to 69.3% NA [69] 
winding in the stator of PM synchronous 
generator 
Changing the no. pole and slot combinations NA ~ 100% NA [71] 


of fractional slot PMSM 


be achieved without affecting the motor’s torque character- 
istics. 


4.3 Rotor surface insulation 


Another method for mitigating shaft voltage and bearing cur- 
rent involves insulating the rotor surface. A study in [75] 
investigated the reduction of parasitic capacitance by insu- 
lating both the inside and outside of the rotor iron. The results 
revealed that coating the rotor surface with a 2.5-mm layer 
of Barium Titanate (BTO) resin can significantly improve 
C wr and lead to a substantial 73.3% reduction in shaft volt- 
age without compromising the magnetic performance of the 
machine. Itis worth noting that C sr is inversely proportional 


to shaft voltage. 


The impact of the dielectric permittivity of the insula- 
tion material and the thickness of the insulation material 
on BVR was explored in [76]. The findings suggest that 
using the thinnest insulating materials with the lowest coef- 
ficient of dielectric permittivity is recommended to achieve 
the maximum reduction in bearing currents. Additionally, 
incorporating an adjustable commercial capacitor between 
the bracket (mount) and the N-line in an isolated rotor can 
result in reduced shaft voltage [77]. 

Furthermore, the influence of cooling oil on parasitic 
capacitance was studied in [78]. The research indicated that 
an increase in the cooling oil level leads to a rise in the magni- 
tude of parasitic capacitance. Consequently, the shaft voltage 
of a motor with cooling oil is higher compared to a motor 
without cooling oil [78]. 
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4.4 Stator slot wedge modification 


Several techniques are available for reducing shaft voltage 
by making changes to the stator slot wedge material and 
dimensions. These approaches encompass using a wider slot 
wedge, employing ultra-thin mica plates, inserting copper 
wires into the slot wedge, and implementing an earthed slot 
wedge. 

A study presented in [79] indicates that the simple 
implementation of a wider stator tooth wedge can lead to 
approximately a 15.4% reduction in shaft voltage compared 
to a standard tooth wedge. Furthermore, the use of ultra-thin 
micaceous plates to insulate slot openings can result in a 
reduction of 1.5% in the BVR [76]. Additionally, the impact 
of incorporating grounded copper wires within the slot wedge 
is examined in [74]. However, further investigation and eval- 
uation are necessary to understand the extent of their effects 
on shaft voltage and bearing currents. 

According to the study, the insertion of two shield wires 
into a slot wedge resulted in a remarkable 96% reduction in 
shaft voltage compared to the reference wedge. 

To address the electrostatic (capacitive) coupling between 
the stator winding and the rotor, the proposal in [37] involves 
the use of conductive slot wedges insulated on the outside sur- 
face. An additional reduction in C_,, was achieved in [80] 
through the implementation of a grounded/earthed conduc- 
tive slot wedge [37]. In a separate study [62], the insertion 
of 3 mm diameter wires into slot openings led to a signif- 
icant 47.8% reduction in BVR. Furthermore, incorporating 
an extended grounding electrode within the slot openings 
and covering the end windings resulted in an extra 5.16% 
reduction in BVR [81]. The effectiveness of the grounding 
electrode embedded in the slot opening depends on the diam- 
eter of the electrode and the size of the machine, with the 
performance improving with increasing electrode diameter 
and length but decreasing with increasing machine size [81]. 

The influence of inserting grounded electrodes into the slot 
openings was initially studied in [82], where it was found that 
placing a wire electrode inside the stator winding reduced 
C wr Stray capacitance and BVR. Moreover, increasing the 
number and diameter of electrode wires within the slot open- 
ing further contributed to the reduction of C wr and BVR. 
In cases where the slot opening is completely covered by the 
wire electrode, the value of C_,, approaches zero. From a 
practical standpoint, inserting a wire electrode beyond a slot 
opening length can be challenging. However, it is advisable 
to prioritize the use of thinner electrodes due to the associ- 
ated benefits, such as smaller eddy current losses, reduced 
weight, cost, and simplified work [61]. 

Table 3 provides a comprehensive summary of stator and 
rotor geometry modifications, rotor surface insulation, and 
stator slot wedge modification methods proposed in the lit- 
erature. 


A Springer 


Electrical Engineering 


5 Discussion 


Modern Adjustable Speed Drives (ASD) offer numerous 
advantages, but they are prone to shaft voltage and non- 
circulating bearing current caused by common-mode elec- 
tromagnetic interference (CM-EMI) due to the high dv/dt 
characteristics of power electronic switches. The presence of 
shaft voltage and bearing current in electric drives can lead 
to premature machine failure. Various mitigation approaches 
have been discussed in the literature, with particular emphasis 
on CM-EMI suppression methods applied at the inverter and 
coupling path between the inverter and electrical machine. 

However, there has been limited attention given to shaft 
voltage and bearing current reduction through geometric 
modifications of the machine, such as motor winding design, 
stator and rotor iron geometry, rotor surface insulation, and 
stator slot wedge. This review article aims to comprehen- 
sively survey existing and recent approaches for mitigating 
shaft voltage and bearing current, with a focus on the geo- 
metric modification approach. 

Numerous articles have covered topics like victim 
machine mitigation, bearing insulation, ceramic ball bear- 
ings, shaft grounding, electrostatic shielding, rotating capac- 
itors, conductive grease, geometric modification methods, 
and others. Table 4 provides an overview of the advantages 
and disadvantages of each mitigation method. 

While some approaches, like bearing insulation, electro- 
static shielding, and shaft grounding, have reached maturity, 
geometric modification methods require further research to 
minimize the risk of premature failure and reduce mainte- 
nance costs without adding significant volume to the drive 
system. The key advantage of the geometric modification 
method over conventional approaches is that it does not entail 
substantial additional costs or weight for the drive system. 

Among the geometric modification methods, winding 
design modification stands out as the simplest and most 
effective technique for low-fill-factor machines. As a result, 
machine designers should consider the impact of winding 
design, stator, and rotor iron geometry on EMI reduction 
early in the machine design phase to develop resilient elec- 
tric machines. Additionally, exploring the combination of 
different mitigation approaches may yield more favorable 
outcomes. 

Overall, as there is no single definitive mitigation approach 
to completely eliminate CM EMI at the noise source, it is 
crucial to apply corrective methods based on the specific 
problem and machine characteristics as suggested in the lit- 
erature. 

In summary, approaches to mitigate the shaft voltage and 
bearing current can fall under the shaft voltage and bearing 
current path blocking method, the shaft voltage and bear- 
ing current shunting method, and the parasitic capacitance 
elimination method. The aim of the bearing current path 
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Table 3 A summary of stator and rotor iron geometry modifications, rotor surface insulation, and stator slot wedge modification methods proposed 


in the literature 


Proposed mitigation methods 


Modifying the slot opening shape to an 
oblique slot opening shape 


Changing the arrangement of permanent 
magnet from tangential to ‘V’-shape 


Insulating both inside and outside of the 
rotor iron core with a 2.5-mm thick resin 


Coating the rotor surface with BTO (e, of 
BTO=5) 


Using a wider stator tooth wedge 


Coating the rotor surface with BTO and 
using wider stator tooth wedges 


By using ultra-thin micaceous slot wedges 


Using grounded/earthed conductive slot 
wedge 


Using grounded two copper wires inside the 
slot wedge 


Introducing of grounded Electrodes into the 
slot openings 


Using grounded/earthed conductive slot 


Obtained result Remark 
C_wr reduction [%] Shaft voltage reduction [%] BVR reduction [%] 

98% NA NA [3] 
NA 39% NA [30] 
NA 73.33% NA [75] 
NA 18% 21.2% [79] 
NA 15.4% 18.6% [79] 
NA 37% 38.9% [79] 
NA NA 1.5% [76] 
NA 60% NA [80] 
NA 96% NA [74] 
95% NA NA [82] 
NA 60% NA [80] 


wedge 


Table 4 A summary of advantages and disadvantages of shaft voltage and bearing current mitigation approaches carried out the victim machine 


Mitigation methods 


Bearing insulation 


Hybrid (ceramic ball) bearing 


Conductive grease 


Shaft grounding 


Electrostatic shielding 


Rotating capacitor 


Winding design modification 


Advantages 


Cheap and easier to implement 


Ability to completely block both the circulating 
and non-circulating bearing current 


Cheaper and easier way of shaft voltage discharge 


Easier and effective method of discharging shaft 
voltage and bearing current 


Economical and reliable way of eliminating the 
coupling capacitors and shaft voltage 


Effective method to mitigate both shaft voltage and 
bearing current 


Effective way of Cwr and shaft voltage reduction 
method without additional material 


Disadvantages 


Not fully suppress the non-circulating bearing 
current 
No discharge path for the accumulated shaft 
voltage 


Expensive 
No discharge path for the accumulated shaft 
voltage 


It is used for temporary use (needs frequent 
replacement) 
Mechanical wear of the 
bearings 


Ineffective against HF-bearing currents unless 
millions of conductive microfibers installed 
on the shaft 
The size of shaft grounding ring for different 
size machine is different 


It is difficult and expensive to implement 


Not enough studies were conducted on the 
rotating capacitor method 


Its implementation depends on the amount of 
space available in the slot (slot fill factor) 
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Mitigation methods Advantages 


Stator and rotor iron geometry 
modification 


Rotor surface insulation 
modification methods 


Stator slot wedge modification 


machine 


blocking approach is to prevent current flow through the 
bearings, while the bearing current bypass method aims to 
provide a safe dissipation path for stray currents. Examples 
of the bearing current blocking method are insulated bearings 
and ceramic ball bearings, while conductive grease and shaft 
grounding methods fall into the bearing current shunting cat- 
egory. The method of geometric modification of the machine 
belongs to the category of parasitic capacitance cancellation 
and should be considered in the early design phase of the 
machine. 


6 Conclusions 


In conclusion, this comprehensive review focused on 
addressing shaft voltage and bearing current in electric 
drives, particularly through the underexplored approach of 
geometric modifications. While existing literature exten- 
sively covers inverter-based and coupling path-based meth- 
ods, the geometric modification approach offers a cost- 
effective and weight-saving solution during the early 
machine design phase. Geometric modifications hold 
immense promise as a means to mitigate parasitic capaci- 
tance, leading to improved electric machine performance and 
reduced risk of failure. By considering winding design and 
geometric aspects, resilient electric machines with enhanced 
efficiency can be developed. This paper’s unique contribution 
lies in highlighting the potential of geometric modifica- 
tions, inspiring further research and development in electrical 
machine design. Emphasizing this approach advances the 
field, creating more efficient and sustainable electric drive 
systems for the future. 
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Effective way of Cy, and shaft voltage reduction 
method without additional material 


It is easier compared to other geometrical 


It is easier and simple to implement 
It can be implemented for already designed 


Disadvantages 


It should be implemented during the early 
motor design process (can’t be used for 
already manufactured machine) 


Have a probability of influencing the speed 
characteristics of the motor 


Like winding design modification method, its 
implementation depends on the amount of 
space available in the slot (slot fill factor) 
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